Introduction
Ferroelectric ceramic-polymer nanohybrid materials play a crucial role in flexible electronics and in energy technologies (e.g. capacitors, sensors, and transducers), due to their merits of enabling the tailoring of specific dielectric, thermal, and mechanical properties and easy processing. [1] [2] [3] [4] By integrating the advantages of the two phases, nanohybrid materials can offer enhanced performances with respect to those of the individual components. 5 The performance of this kind of material generally depends both on the individual properties of the two components, and on the nature and extension of the hybrid interface. 6, 7 This latter feature can easily be modulated by varying the mixing length scale and the nature of the polymer-ceramic interactions. Indeed, the larger the interfacial phase, the greater the influence of the ceramic component on the original characteristics of the PVDF. 7 This confers tunable properties that make hybrid materials highly appealing for a wide range of applications. 7 Yet, the unlimited possibilities derived from this approach pave the way for advanced new materials with unique properties. 7 Owing to its high dielectric constant (k), high mechanical strength, excellent chemical stability, non-toxicity, and easy processability, the electroactive poly(vinylidene fluoride) (PVDF) is the most used polymer in the dielectric materials field. 8, 9 Concerning the ceramic component, among others barium titanate (BaTiO 3 : BT), a lead-free high-k ferroelectric ceramic material with a perovskite structure, is used in many applications due to its attractive piezoelectric and dielectric properties. 10, 11 Given their exceptional properties and non-toxicity, hybrid systems based on PVDF-BT combinations have been largely investigated as dielectric materials. 12, 13 Nanostructured functional fillers with a high aspect ratio (e.g. one-dimensional, 1D) have been widely used with the aim of increasing the hybrid interface. [14] [15] [16] [17] [18] [19] [20] A significant effect on the dielectric properties of PVDF has been obtained. [13] [14] [15] [16] Among others, nanofibers, prepared by electrospinning, offer the further advantage of easy control over the morphology and the compositional features. [18] [19] [20] Several shaping methods have been traditionally used to process hybrid systems into thin film. [21] [22] [23] Currently, there is significant development in three dimensional (3D) assembly technology, namely 3D printing. One of the most interesting 3D printing techniques is computer-controlled fabrication by solid freeform, also known as fuse deposition modeling (FDM). This technique produces objects with controlled complex shapes and reduced size with short processing times, with relatively low cost equipment. 24 Furthermore, when anisotropic fillers are used, their orientation within the polymeric matrix is an additional parameter that has been demonstrated to significantly enhance the performances of the BTNFs/PVDF-based systems. 27 In the present work, we propose a novel approach for preparing anisotropic BTNFs/PVDF 3D-nanohybrid dielectric materials. The nanohybrids are designed and fabricated by FDM, where the nanofibers are embedded and aligned in the PVDF matrix by tunable internal friction during the extrusion. We especially analyze phase compositions and properties in the hybrid as a result of the rheological properties by varying the BTNF loading and the extrusion forces that lead to fiber alignment during the 3D printing. The overall aim is thus to tune the dielectric properties in the 3D range by creating a ''3D-printed'' anisotropy in the BTNFs/PVDF hybrid material. This consists in combining short-range orientation of the nanofibers, at the microstructural level, with long-range directionality in the complex shape by the 3D printing technique.
Experimental

Materials
The starting precursors used in this work included barium acetate (Sigma-Aldrich, Ba(CH 3 COO) 2 ), acetic acid (SigmaAldrich, CH 3 COOH), titanium isopropoxide (Sigma-Aldrich, Ti(OCH(CH 3 ) 2 ) 4 ), polyvinylpyrrolidone (Sigma-Aldrich, PVP (M w E 1 300 000)), ethanol (Sigma-Aldrich, C 2 H 5 OH), and N-methyl-2-pyrrolidone (Sigma-Aldrich, NMP, C 5 H 9 NO). All the chemicals were analytical reagent grade and used without further purification.
Electrospinning of BaTiO 3 nanofibers (BTNFs)
For the BTNF synthesis, 28 1.275 g of Ba(CH 3 COO) 2 was dissolved in 3 mL of CH 3 COOH for 2 h at room temperature, under argon flow. Then, 1.475 mL of Ti(OCH(CH 3 ) 2 ) 4 was added dropwise into the solution under magnetic stirring. The precursor mixture was stirred for 2 h to achieve complete dissolution and mixing. A solution of 0.2 g of PVP dissolved in 3 mL of C 2 H 5 OH was added to the ceramic precursor. The precursor mixture was loaded into a plastic syringe equipped with a metallic needle tip. Then, 15 kV was applied to the precursor and the distance between the tip-end and collector was fixed at 9.0 cm. All the electrospinning experiments were carried out by an electrospinning machine (RT Advanced, Linari engineering, Italy) at room temperature. The as-synthesized fibers were dried in a fume-hood at room temperature for 24 h to remove the humidity. In order to obtain crystallized BT nanofibers (BTNFs), the calcination temperature for the electrospun fibers was evaluated with the aid of TG/DTA (Netzsch STA 409C/CD, Germany) and XRD (XRD: Bruker D8 Robot Tools X-ray diffraction, Bruker, Germany). The TG/DTA analysis was performed in air flux from room temperature to 850 1C at a heating rate of 1 1C min À1 .
The XRD analysis was carried out ex situ with a scan speed of 0.61 2y min À1 at a 2y range of 201 to 801 on samples calcined at 400, 500, 600, 700, and 800 1C for 1 h. The diameter and the morphology of the crystalline fibers were evaluated with a field emission gun scanning electron microscope (ZEISS Merlin, Carl Zeiss Microscopy GmbH, Germany) at an accelerating voltage of 10 kV with an In-lens and SE1 electron detector.
Preparation of anisotropic BTNFs/PVDF 3D-nanohybrid dielectric materials
Anisotropic BTNFs/PVDF 3D-nanohybrid dielectric materials were fabricated by FDM. The concentration of PVDF in the NMP solution was fixed at 30 wt% to match with the viscosity range of thick paste materials (20 000-70 000 mPa s) for consumer grade 3D printers (Zmorph 2.0S, ZMorph Sp. z o.o., Poland). First, 30 g of PVDF was dissolved in 100 g of NMP. The solution was then stirred at 50 1C with constant stirring for 2 h until a homogeneous solution appeared. The loading of the BTNFs was varied from 0 (pure PVDF) to 20 vol% to cover the range of concentrations allowed by the printer used. Then, the defined compositions of the BTNFs and the PVDF solution were stirred with constant rate. The resulting mixture was subjected to ultrasonic agitation at a frequency of about 24 kHz for 30 minutes. The resulting solution was transferred to an extrusion syringe with different nozzles of diameters 2.5 mm and 1.2 mm and then was printed by a 3D printer. All the samples were printed at room temperature without using a hot bed. The rheology characteristics of pure PVDF and the BTNFs/ PVDF nanohybrid materials before printing were evaluated by a rotational rheometer (MCR viscometer 302, Anton Paar, Austria). The solutions were characterized in rotational mode. A constant temperature of 21 1C was maintained during the experiments using a temperature control unit. All the experiments were performed using a cone-parallel spindle of 25 mm in diameter and 41 angle (CP25-4). To remove any effects due to the sampling and loadings, the measurements were performed using a pre-shear at 1 s À1 for 1 minute followed by 1 minute at rest (0 s À1 shear rate), and again at 1 s À1 for 1 minute. The experiments were conducted in the shear rate of 1-100 s À1 in up and down ramp. The phase compositions were analyzed by the XRD technique (XRD: Bruker D8 Robot Tools X-ray diffraction, Bruker, Germany). The XRD analysis was carried out with a scan speed of 0.61 2y min À1 at a 2y range of 101 to 501.
The surface morphology and fiber alignment of the 3D-nanohybrid materials were evaluated with a scanning electron microscope (TM3000 Tabletop Scanning Electron Microscope, Hitachi, Japan) at an accelerating voltage of 15 kV with a backscattered electron detector.
The degree of fiber orientation in three dimensions was evaluated by the focused ion beam (FIB) SEM serial sectioning technique by simultaneously collecting In-lens (on beam axis SE1) and SE2 (Everhart-Thornley) detector secondary electron ( the longest axis perpendicular to the extrusion direction and parallel to the FIB slicing direction. The voxel dimensions were 39.5 nm in the SEM imaging plane with a slice thickness of 60.6 nm. The dual imaging mode raw data were global intensity gradient corrected, aligned, and cropped. 29, 30 All image processing was performed using an in-house image analysis code written in MATLAB. The BTNFs were segmented in 3D from the PVDF matrix using a combination of image intensity and intensity gradient in both the In-lens and SE2 image modes combined with visual inspection to achieve the optimum segmentation and minimize image artifacts due to the serial sectioning technique. The segmented BTNF phase was skeletonized using a parallel medial axis thinning approach 31, 32 to determine the centerlines of the individual fibers, which were then converted to a network graph of links and nodes to characterize the length and orientation of fiber fragments. 33 Principle component analysis (PCA) using inbuilt MATLAB functions was then performed on the 3D coordinates of the centerlines of each fiber fragment to determine the orientation of the longest axis of the coordinate voxel point cloud in terms of azimuthal and elevation angles relative to the extrusion direction.
Dielectric property measurement
Broadband dielectric measurements of both pure PVDF and BTNFs/ PVDF 3D-nanohybrid dielectric materials for different vol% of BTNFs were carried out by using an Impedance/Gain-Phase Analyzer (Solartron 1260A, Solartron Analytical, UK). All measurements were carried out in air at room temperature, in the frequency range of 100 Hz to 1 MHz with an applied biasing voltage of 0.2 V. The frequency dependence of the dielectric constant (k) at room temperature can be calculated from the following relation.
where, C p is the capacitance of the materials (F), t is the thickness of the nanohybrid dielectric material (m), A is the area of the electrode (m   2   ) , and e 0 is the vacuum permittivity having a value of 8.854 Â 10 À12 F m
À1
. Dielectric properties were measured in both the extrusion direction (parallel, k 8 ) and transverse direction (cross, k > ).
Methods
The observed enhancement in the dielectric properties of the developed hybrids was discussed according to the effective medium theory (EMT) and rule of mixture (ROM) models. The EMT model, developed by Rao et al., 35 enables the estimation of the dielectric properties of composite systems by including the effect of the morphology and size of the ceramic fillers. The model is described by the following equation:
where n is the shape-dependent parameter, f is the volume fraction of the ceramic fillers, and e, e f and e m represent the dielectric constant of the nanocomposites, ceramic, and polymer matrix, respectively.
The ROM model instead includes in the estimation the shape fillers. The dielectric constant is estimated from the following relation.
where e mix , e i , e m are the dielectric constants of the composite, ceramic filler material, and matrix material, respectively. V i is the volume fraction of ceramic fillers.
Results and discussion
For the formation of the BTNFs, crystallization and microstructures are controlled by the sol-gel chemistry, the electrospinning, and the calcination conditions. For the chemistry and the electrospinning conditions, previous work by Junhan et al. was used as a reference, while the degree of crystallinity can be modulated by the calcination thermal treatment. 28 To optimize the heat-treatment process, TG/DTA analysis was carried out on the as-synthesized fibers. The thermal decomposition behavior of the as-synthesized fibers is shown in Fig. 1 . About 10% weight loss from 80 to 150 1C was related to the evaporation of residual solvent. The weight loss between 150 1C and 330 1C and a sharp exothermic peak at 280 1C were correlated to the decomposition of organic precursors. 24, 37 The weight loss (about 7%) and the corresponding broad exothermic peak observed between 380 1C and 550 1C are consistent with the decomposition of organic groups from the organometallic precursor and its intermediate phases, BaCO 3 .
38
The weight loss between 570 1C and 700 1C is indicative of the onset of crystallization of BT nanofibers. The TG/DTA results reveal about 50% weight loss that was observed with no further weight loss at temperatures 4700 1C. Accordingly, the synthesized fibers were completely crystallized and intermediate phases were removed at temperatures over 700 1C.
38,39
The XRD patterns of the as-synthesized and calcined fibers at temperatures between 400 1C and 800 1C are presented in Fig. 2 . The as-synthesized fibers were amorphous consisting of un-oriented structures. 28, [39] [40] [41] Two peaks were observed at 2y around 271 and 431 perovskite BaTiO 3 patterns were instead observed for the samples treated at 700 1C, and the disappearance of the non-perovskite peaks is indicative of the decomposition of BaCO 3 . At 800 1C, the perovskite peak pattern became marked, due to the complete reaction of the BT formation. The morphologies of the as-synthesized and calcined fibers were then investigated. Fig. 3 shows the morphologies of the as-synthesized fibers and BTNFs after calcination at 800 1C. The as-synthesized nanofibers ( Fig. 3a and b ) exhibit smooth and uniform surfaces with a random fiber orientation, whereas a polycrystalline surface is observed for the nanofibers calcined at 800 1C (Fig. 3c) . The crystalline nanofibers are fragile and break easily in agreement with the literature. [41] [42] [43] [44] The nanofiber diameter is observed to decrease from 800 nm to 200 nm after calcination due to the decomposition of the organic components and the crystallization of the phase of interest. 28, 45 Upon the calcination process, the diameter is reduced by 75%.
There have been no previous reports on the preparation of PVDF composites using a consumer 3D printer with different nozzle diameters. The X-ray diffraction (XRD) pattern was then used to investigate the change in crystallinity of the 3D printed materials from 2.5 mm and 1.2 mm of nozzle diameter due to the addition of BTNFs in the PVDF matrix.
The XRD pattern of pure PVDF in Fig. 4 shows three main characteristic peaks; a sharp peak at 20.01 corresponds to the b-phase (110) crystal with a fully stretched all-trans planar zigzag conformation and indicates the semi-crystalline nature of PVDF. 34, [46] [47] [48] [49] Furthermore, the peaks at 18.41 and 39.21
which are assigned to the a-phase characteristic of PVDF were observed. [47] [48] [49] In the XRD pattern of the BTNFs/PVDF nanohybrids crystalline peaks, corresponding to the reflection planes at (100), (110), (111), and (200) of the perovskite BT structures are also identified. Interestingly, with an increasing amount of BTNFs from 0.6 vol% to 4.5 vol%, the peak intensity of the a and b crystalline phases increases with respect to the pure PVDF, indicating that the addition of a small amount of BTNFs can promote a more regular arrangement for PVDF, and the added BTNFs act as nuclei for PVDF crystallization. When the loading of 20 vol% is reached, the intensity of the a and b characteristic peaks decreased, especially the a characteristic peak at 39.21. At this content of BTNFs, the b phase is dominant. The addition of a large amount of BTNFs might destroy the molecular regularity of the PVDF chain. 47 In addition, there is no significant difference in the intensity of the b-phase of the obtained hybrids from 2.5 mm and 1.2 mm of nozzle diameter (line (4d) and (4e)), respectively, indicating that 
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the nozzle diameter has no effect on the b phase crystallinity of the PVDF hybrids. For the FDM technique, the maximum solid loading of the filler in the polymer matrix that enables printing is B50 wt%. 25, 26, 50 Indeed, at high content of filler, the shear stress at a nozzle extruder is high, resulting in the unstable flow at the extrusion nozzle. 50 In this work, we used a consumer grade 3D printer (Zmorph 2.0S) to fabricate 3D-printed dielectric materials as shown in Fig. 5a . The loading of BTNFs is varied from 0.6 vol% to 20 vol%, and nozzle extruders of 2.5 mm and 1.2 mm were used to explore the effect of processing conditions on the nanofiber alignment. With a 2.5 mm nozzle diameter, a random distribution of the nanofibers is observed in the SEM images for the sample at 0.6 vol% of BTNFs (Fig. 5b) , whereas with increasing content the BT nanofibers show clear alignment in the printing direction (Fig. 5d) . By contrast, in the hybrid at 20 vol% prepared using the nozzle 1.2 mm in diameter (Fig. 5e ) the BT nanofibers are randomly distributed into the polymer matrix. This can be ascribed to an unstable flow generated from too high shear stress. 50 From the obtained results, we could produce a 3D-printed object as a complex shape and controllable fiber alignment in the polymer matrix by this technique. To further support the 2D observations in Fig. 5 , FIB-SEM 3D reconstruction of the 20 vol% BTNFs/PVDF nanohybrid sample was evaluated to verify and semi-quantitatively evaluate the degree of 3D fiber orientation. 3D FIB-SEM investigations inherently sample a smaller amount of representative microstructure. From the 2D images it can be seen that the microstructure contains nm-mm sized highly elongated features and is spatially heterogeneous requiring investigation of large volumes. For 3D reconstructions, these are conflicting requirements in terms of data acquisition time. Fig. 6a shows a representative slice of the volume analyzed. Here, it can be seen in comparison with Fig. 5d that the volume captures a visually representative volume with sufficient spatial resolution. Fig. 6a contains both the image modes, which are useful to distinguish internal porosity from edge effects and minimize FIB milling artifacts during segmentation. Visual inspection of the volume reveals internal porosity of both the BTNFs and the PVDF that is not visible in the polished cross-sections in Fig. 5 . In some reconstructed volume locations porosity-induced artifacts were created in the segmentation and thus add uncertainty to quantitative analysis. However, of the available quantitative parameters from the 3D analysis, fiber orientation is one of the least sensitive to segmentation errors compared with volume fraction or particle size distribution determination. Thus, in the following analysis we discuss the results in a semi-quantitative manner. Fig. 6b shows the discretized skeleton of the BTNFs. Inspection of the BTNF phase after image segmentation revealed that although most of the BTNFs appear as isolated fibers in 2D, in 3D the majority of fibers are in contact. Thus after the reconstruction from an image analysis point of view the majority of the BTNFs in the 20 vol% sample appear as an interconnected network. Thus breaking the skeleton into a network graph of links and nodes was necessary to assess the orientation distribution of individual fiber fragments (links) visualized in arbitrary colors in Fig. 6b . The orientation of each fiber fragment, as shown on the unit sphere in Fig. 6c , was determined by standard PCA where the direction of the largest variance in voxel coordinates determines the primary axis of fiber orientation. The points on the sphere represent a single fragment and are color coded according to binned fragment lengths. This qualitatively shows that the orientation of fiber fragments shorter than approximately 1 mm (B20 voxels in length) is randomly determined. Longer fragments however tend to be oriented close to the applied shear stress/extrusion direction (ED), and although fewer in number increasing fiber length correlates to stronger alignment. Fig. 6d shows the distribution of fiber fragment ED angular deviation (AE901 elevation angle in polar coordinates) for the same fragment length bins in Fig. 6c weighted according to the cumulative fiber fragment length. Again, the fragments shorter than B1 mm reveal a widespread in elevation angle with a strong bimodal peak parallel to ED and smaller peak centered at 451. It is expected that the shorter skeleton links are more likely to be associated with the aforementioned segmentation uncertainties caused by large PVDF pores and fine scale internal BTNF porosity than the longer fragments. The peaks at 0 and 451 are also expected to be artificially increased due to the voxelization of the skeleton links on a rectilinear grid. In Fig. 6b , it is possible to see long individual fibers; however, the histogram statistically indicates that these fibers are broken into smaller fragments during skeletonization due to intersecting fibers. As observed in Fig. 6c increasing fiber fragment length strongly correlates with a narrowing angular deviation and alignment with ED.
For reference, the same number of fiber fragments (nonlength weighted) in a random distribution of angles was simulated using spherical point picking. 51 The gray colored bins in the histogram show that randomly oriented fibers do not show preferred correlation to ED contrary to the BTNFs. To better understand the effect of the processing conditions on the nanofiber alignment, the rheological behavior of the pure PVDF and BTNFs/PVDF nanohybrids was investigated. In particular, the range of interest (1-100 s À1 ) was selected to include the shear conditions that characterize the printing with the nozzles at 2.5 and 1.2 mm in diameter, as indicated in Fig. 7a . The two printing conditions identify a range of shear rates that spans from around 5 to 30 s À1 .
The viscosity curves (Fig. 7a) indicate a shear-thinning behavior for all the samples. As expected, the profiles were progressively shifted to higher values of viscosity as the BTNF content increases, due to the flow hindering effect. 52, 53 Yet, the solution at the highest content of BTNFs (20 vol%) not only exhibited the highest values of viscosity but also the most pronounced shear thinning profile. This behavior was quantitatively estimated by analyzing the flow indexes (n) via the logarithmic form of the power law. The flow index is a measure of the deviation from Newtonian behavior (n = 1). Plotting the experimental data, a linear trend is obtained as indicated in Fig. 7b , generally referred to as a double logarithmic power law plot. The slope of the straight line corresponds to the flow index (estimated by linear regression) that can be used to identify the flowing mechanism of a system. [54] [55] [56] [57] Any variation of the flow index within a defined range of shear rates can be associated with variation in the flowing mechanism. Fig. 7b shows the double logarithmic plot for the developed solutions, whereas in Table 1 the corresponding flow indexes are reported. As a consequence of the increasing BTNF loading, the values of the flow index gradually decrease, indicating an increasing shear thinning behavior (n o 1) (see Table 1 ). Yet, all the samples, including the pure PVDF (see Fig. 7c ), exhibit a Multi Flow Index (MFI) profile with two flow indexes associated with two distinct flowing mechanisms, both resulting in shear thinning. Interestingly for all of them, the second mechanism exhibits a more pronounced shear thinning behavior, being n 2 o n 1 . This result indicates for the flowing mechanism at higher shear rate a more pronounced deviation from Newtonian behavior likely associated with a transition in the polymer chain alignment. Interestingly, the transition is not altered by the addition of the BTNFs, since for all the PVDF samples it occurs at the same shear rate, which is around 20 s À1 . This value is within the range defined by the nozzle diameters. As a result, all the PVDF samples printed using the nozzle with a diameter of 2.5 mm are processed at a shear rate (around 5 s À1 ) that characterizes the first mechanism of flowing. By contrast, all the PVDF samples printed using the nozzle with a diameter of 1.2 mm are processed at a shear rate (around 30 s À1 ) that characterizes the second mechanism of flowing.
The higher flow index in the first flowing mechanism region (n 1 ) indicates a lower level of interaction among PVDF chains, likely aligned into the direction of the applied shear stress. This arrangement can favor the interaction between the BT nanofibers and the polymer chains along the direction of applied shear stress. Such an arrangement is achieved when the nozzle diameter is 2.5 mm. By contrast, when the processing conditions exceed the identified threshold (20 s À1 , n 2 ), the alignment might be disrupted, as indicated by a higher level of the interactions among the polymer chains (n 2 o n 1 ). As a consequence of that, the BT nanofibers are randomly distributed within the polymer matrix. This is obtained when solutions are printed using the nozzle with a diameter of 1.2 mm. Higher values observed at low frequency (100 Hz-1 kHz) are due to the interfacial polarization. The motion of space charges in the interface zone under the applied electric field induces significant polarization, thus producing high k-value. By contrast, at higher frequencies the dielectric properties of materials and lower values are then observed. 34, 58 In all the cases, the dielectric constants of the obtained BTNFs/PVDF nanohybrids are higher than the value of the pure PVDF, but lower than pure BT nanofibers (ca. 1000) 52 because of the synergy effect between the two phases. 59 The values of k > are higher than the k 8 ones at any content of BTNFs. Specifically, in hybrid materials with 20 vol% of BTNFs at 1 kHz, the k > and k 8 values are 198 and 138, respectively. It can thus be concluded that the preferential nano-fiber alignment correlates strongly with the directionality of the observed dielectric constant. 27 At 1 kHz, the dielectric constants of hybrid samples in both the cross direction (CD) and parallel direction (PD) increase with increasing amount of BTNFs from 0.6 vol% to 20 vol% (Fig. 8c) . This trend is due to the addition of a higher amount of high-k component, resulting in higher-k values. The highest dielectric constant (k) of 198 was achieved from the sample with 20 vol% of BTNFs in the cross direction evaluation.
Interestingly, compared with nanohybrids prepared with different methods and containing BT nanoparticles as fillers, the BTNFs/PVDF systems herein developed show higher-k values at any content of BT nanofibers. In Fig. 9a , a comparison with different BT nanoparticles/PVDF hybrids prepared via solvent casting, 21 spin-coating, 22 and compression molding 23 is indicated. This result can be ascribed to the incorporation of high aspect ratio nanofiber fillers that determine a significant increment of the hybrid interface (Fig. 9a) . 7, 17, 27 In this work, we used effective medium theory (EMT) (eqn (2)) with fitting factor, n = 0.2, e filler = 1000 and e matrix = 13, and the rule of mixtures (ROM) model for needle shape fillers (eqn (3)) to evaluate the k-values for the systems developed. The deviation of the experimental data from the models was then estimated. The results show that at any NFBT volume fraction, the experimental data deviate from the calculated k-values (obtained with the EMT and ROM models) (Fig. 9b) . This is especially verified at the highest content (20 vol% BTNFs), where deviations of around 80% and 50% on average are obtained for the EMT model and the ROM model, respectively. This is likely to be ascribed to the tendency of nanostructured fillers to agglomerate, which does not allow a homogeneous distribution of the nanofillers within the PVDF matrix.
Conclusions
Barium titanate nanofibers-poly(vinylidene fluoride) nanohybrid dielectric materials (BTNFs/PVDF) are prepared by the 3D-printing-FDM technique. Phase compositions, fibers alignment, and dielectric constants are achieved by embedding high aspect ratio short-nanofibers in various concentrations. BTNFs induce high anisotropic behavior in the hybrids. Alignment of BTNFs is triggered by a delicate interplay of viscoelastic effects at the printing throughout internal and external frictions within the hybrid and at the wall of the extruders at different flow rates. High enhancement of dielectric properties of more than 1 order of magnitude with respect to the pure PVDF can be achieved. Specifically, the BTNFs/PVDF 3D-nanohybrid dielectric material, with 20 vol% BTNFs, shows a dielectric constant in the cross-direction of around 200 at a frequency of 1 kHz at room temperature, vs. 13 of the pristine PVDF materials. This enhancement can be associated with an extensive hybrid interface developed by the use of high aspect ratio 1D nanofillers. The anisotropic flexible 3D nano-hybrid composite with high-k constants is attractive for complex-shaped embedded capacitors and electric energy storage devices. We here demonstrate that this concept enables novel functionalities in dielectric components which could be applied for complex-shaped embedded capacitor applications. We believe that the FDM technique provides great potential for developing high-k ferroelectric ceramic/polymer composites with controllable anisotropic properties.
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